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Theoretical and experime: 1zl evidence is presented for the
existence of melting within t! ¢ suiter Layers of the Earth. Numerical
techniques are developed that peruiit whe caleulation of temperature
distributions within a spheri:zl body which melts according to a
given melting curve. The posribility of fluid convection is discussed
and the numerical procedures cre mcdifizd to Ineclude the limiting case
of highly efficient fluid corvectiicn. XModels are constructed employ-
ing these technigues, and fur-her epplication of these methods to the
problem of the distribution oI radicaciive isotopes within the Earth

is indicated.
INTRODICTICH

The method of constructing mathematical models for studying the
thermal history of planetary bodies has been'develOPed considerably
within recent years. The purpose of this work is to extend the range
of availabie theoretical models to include models which consider the
effects of melting and fluid convection within a planetary body, with
particular reference to the outer layers of the Earth.

Some early'iaeas of therzal history (Kelvin, Jeffreys) visualized
an Earth condensing at high temperatures to a liquid, and then cooling
rapidly to the solid state. The cooling was assumed to take place by
fluid convection, with radiation from the surface and solidification

taking place from the interior outward. Current theories of planetary




formation, as developed in the work of Spitzer, Hoyle, Urey, Schmidt,
and others, involve the accum..zticn of planetary bodies as solids at

relatively low temperatures. _2l:zz and Jacobs [1956], Lubimova [1958]

MacDonald [1959], and other av - hors havs constructed models of the
Earth, Moon, and other planetec v and asteroidal objeects, based upon
the equation of heat conductic.. within a solid body having internal
heat sources. They have calcu.ated a wide variety of thermal models
and have investigated the consccuences resulting from variation of
the parameters and assumptions reguired in calculating these models.
The general conclusion reached was that temperatures within the Earth
increase with time for depths below a few hundred kilometers. Since
the effects of melting are to be considered here, it must first be
determined that these rising temperaturcs do exceed the melting

temperature at some time within the Earth.
TEMPERATURE DISTRIBUTION

Any attempt at a study of the Earth's thermal history encounters
the very intractable problem of the initial temperature distribution.
This problem is traditionally handled by listing the possible energy
sources, discussing them briefly and semiquantitatively, and then
'estimating' a temperature distribution. This unsatisfactory state
of affairs is only slightly ameliorated by the fact that for this-
study only a lower bound need be determined to indicate the existence
of melting. This so-called 'initial temperature! is genefally con-

sidered to be derived from three major sources; the accretional



energy retained during planetery formation, the compressional energy

released within the interior, and the »ossible contribution of short-

lived radicactive isotopes. <“zis suming a relatively short
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period of formation in which _cng-lived radiocactives would not con-
tribute significantly. Other sources have been suggested such as

tidal friction [Kaula, 1964] sni Tree radicals [Urey and Donn, 1956]

but are rather unlikely to be significent energy sources. The
initial temperature sources provide adcitional heating above the
equilibrium temperature proviied by solar radiation.

The total amount of accretional energy may be estimated by
computing the gravitational pctential energy of the Earth. With the
Solution I density distributicn given by Birch [196k4], this potential
energy may be calculated as 4.20 x 10* joules/g. This energy is much
more than would be required tc melt the entire Earth and obviously
only a small fraction of the cnerzy could be retained. The amount of
energy retained depends primarily upon the rate of accretion.

Benfield [1950] considered the provlem of accretional and compres-
sional energy and discussed ecrlier work. Safronev [1958] and

Lubimova [1955] estimated the temperatures within the Earth after the

)

period of formation was compl: ted. Lk inov
' 0

temperature increase at 1270 .z desth as between 200°C and 1200°C.

MacDonald [1959] considered a constent temperature of 1300°C as appro-

priate for an accreting Earth ia which equilibrium 1s maintained between

the input of gravitational encrzy and the output of radiation.



The contribution due to e:rtinct short-lived radiocactives is
dependent upon the amount of tive betwsen formation of the radio-
active materials and the formaiicn of solid bodies large enough to

retain heat. Fish, Goles, and /nders [1960] have indicated the pos-

sible importance of this sourc- for the meteorite parent bodles and
contributions of as high as 2C.0 - 3OOQD/g are postulated. This
energy source is extremely ser:itive to the rate of accretion and
hence no meaningful estimate ¢ its importance can be made for the
Earth.

Upon completion of the intsrval of planetary formation and the
rapid decay of any short-lived radioactive materials, further tem-
perature increases must come primarily from decay of long-lived
radioactives, principally isotcpes of X, Thyand U, and from energy
released during rearrangements of the internal density distribution.
For an Earth initially uniform in composition and composed primarily
of iron and silicate phases, tie rising temperatures will exceed the
melting curve of iron [Strong, 1962], within the deep interior,
before the silicate phase begins to melt. Formation of an iron core

by some irreversible process such as that outlined by Elsasser [1963]
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will result in the release of _arge quantities of energy. Urev [1952]
has estimated this energy source to be as high as QOOOO/g. Since the
bulk of this energy is release before the melting temperatures of the

silicate phase are reached, ths contribution of energy from core



formation is considered to be cnizinel within the initial temperature
estimate for the purpcses of ticese calculations. Although a good deal
cf evidence can be presented 1 r the existence of a reasonable lower
bound to the initial temperatu. s, tco much uncertainty remains to per-
mit the presentation of this lower bound as more than an estimate.
MacDonald [1963] gives a value of almost 1800°C as a low initial tem-
perature for 1500 km depth and EZirch [1965] assumes that the initial
temperature distribution is clice to the melting curve of iron. We
estimate 150000 to be the lowe: limit to the initial temperature at
depths greater than a few hund.¢d xilcmeters.

The temperatures within tiie Earth also depend upon the rate of
removal of heat energy. The riwiels cornaidered here include the effects
of heat transfer by radiation und lattize conductivity.

The possibility of heat tansfer by convection within material

at temperatures below its melt i rg point has been discussed recently

[Vening-Meinesz, 1964]. Xnopo: ' [1}34], however, has shown that

mantle-wide solid convection %11 be irhibited by the inhomogeneities
within the transition zone. I .per witain the mantle the temperatures
should fall far short of the r :iting pcint. The possibility of some
solid-state convective heat ti nsier Ly means of local cells cannot

be completely ruled out. Howewver, if these cells do exist they should
be limited to a relatively nai ovw region between the transition zone
and the coolest outer-most lay:rs, and the efficiency of this process
in transporting heat is questioneble [}MacDonald,1963]. Hence, solid-

state convection is not considz=red in the calculations.
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For given values of the i itial %= rerature distribution, radio-
active abundances and distribu Zous, thirmal conductivities, and
other necessary parameters, th: teuperucure distribution mey be cal-
culated as a function of time ~or 2 mod:l planet, in the solid state,

by means of the heat conductior =squation.
MELTING I=vPFERATIRES

An estimate of the melting terperaiures as a function of pressure
within the Earth's mantle is ncw reguired. It must be emphasized, of
course, that such a complex multicompon=nt system as the Earth's mantle
will not melt at a constant terperature for a given pressure. There-
fore, the range of temperatures over which melting occurs should be
obtained, rather than the simple melting curve which would be expected
for a single component crystalline solid. Minor fractions can be
expected to melt over an exiremesly wide range, e.g., Hz0 and graphite,
but fortunately the temperature interval between solidus and liquidus
is only of the order of a few hundred degrees for the major fraction
of many multicomponent silicate systems. Alexeyeva [1958] reports
the melting of six stony meteorites, meinly chondrites, as occurring
between 1180 - 1350°C. In fact, the major fraction of mantle material
may well be melted or crystallized cver an even narrower range. From
a study of the Stillwater Complex, e.g., Hess [1960] reports that 60%
of a basaltic melt crystallized over a temperature interval of only
2500. For a system of this typ:, the sssumption of a single component

with a constant melting temperazure provides a good approximation.
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Experimental melting point data are available for selected silicate

; materials only to pressures o scme 50 ¥b and extrapolation of these

data, particwlarly through a region as iﬁhomogeneous as the transition
; layer, is an extremely unreli-shle process. Uffen [1952] presented a
curve (Figure 1) derived frow seismic data and based upon treatment Fig.
; , as a single component system usirg Liniemann's melting criterion and

‘ the expression for the Debye :heracteristic freguency. More recently
| Clark [1963] has criticized U fer's cirve and has constructed a melt-

% " ing curve (Figure 1) to accoust, in ar approximate manner, for the

, fact that the mantle is a multiccmponent system. Clark’s curve
describes the minimum melting texperature for the multicomponent

; system. The dashed curve indicates the maximum melting curve for
Clark's mantle on the assuwpticrn that the range of melting is a con-

stant 180°.

The low pressure data for the meliing range of basalt-eclogite

g from Yoder and Tilley [1962] are in gencral agreement with the melt-

ing temperatures indicated by the Clark and Uffen curves, while
melting curves for single coni:oneat materials such as diopside
T

[Boyd and England, 1963] enstetite [Boyd, England, and Davis, 1964]

and forsterite {Davis and England, 1G64] are consider

The approximate character of these curves is duly noted, but

while they may not be accurat: in detail they do indicate the region
in which melting should occur ard thus provide a reasonable basis

- for calculations.



CALCULATION F IZLIIIi ODELS

A number of thermal model:z were calculated, to investigate
numerically the possibilities ¢ melting, using these melting curves.
The basic equation of heat conduction for a spherically symmetric

body with internal heat sources,

r ~
oT 1 ¢ | 37
= s SL<r K=+ A
p% ot r2 dr ¢ BT;J’ N

where r  radius
t  time
and the following are functions of radius and time
T  temperature
X  thermal conductivity
A rate of heat production per unit volume

Cp  heat capacity

was employed together with a relation for the thermal conductivity given

by MacDonald [196L4] as,

{
G
'
)
101
[6]

L
m

where c lattice conductivity
n index of refraction
s Stefan-Boltzmann corzsa:t

€ opacity
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The internal heat sources are Iuic ic the decay of radiocactive isotopes

and are expressed by the relaticn

where J specific radiosctivs isotor:.
1 number of radicactive isstones
B radioactive heat gcaeration rate per g of isotope
w  isotope weight fraction

A decay constant of iszotope

The effect of the electrical conductivity on the opacity is generally
small for the temperatures corsidcred Lere and may be neglected. The
numerical techniques employed foilcw procedures similar to those out-
lined by MacDonald [1959] wit: the exception of a modification to
include the latent heat of fusion. Levin [1962], in an interesting
paper on the thermal history ci the Moon, has predicted the occurrence
of melting by means of a schere which involves increasing the heat
capacity within a melting region ¥y & cuantity sufficient to include

the latent heat of fusion. He has assumed the melting to occur

linearly with temperature ove: the meliing region. We adopt a different
assumption, namely, that the ».2liing occurs at a constant temperature
for a given pressure. The qusatity ol iatent heat absorbed as a function
of temperature across the melting regilon is not generally known. How-

ever, for systems such as the :ncultic nagma deseribed by Hess [1960],
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the assumption of constant meltin: ter

accurately than the linear me ting

stant melting assumption lend: = useful degree of stability to the

numerical solutions.

A program was written tc vrovide For the normal numerical solution
of the heat conduction equaticn, excent for intervals in which the melt-

ing temperature was reached c: excceded. When the melting curve temper-

ature was exceeded for a giver radius interval, the temperature was

reset to the melting temperat 1= by ths program and the excess heat

-

energy subtracted from the hert of fusion for that interval. When the

heat of fusion had been reduc:zd ©o zers, the temperature of the com-
pletely molten region was again allowed to rise. The same process
occurred in reverse if a molton region was cooled below the melting
point. This procedure is outlined in the appendix.

Since the actual abundarces of racicactive materials within the
Earth are uncertain, two sets of :zodels with uniformly distributed
radioactiveé were constructed. cne using the chondritic abundances

as given by MacDonald [1959] =nd the other using the so-called ter-

restrial abundances given by Vasczrburz et al. [196L]. These abun-

dances are listed in Table 1 and conseguences of the assumption

sed by HecDonald [1964] for non-

of these sbundances were discu
melting models. Birch's [1964] Solution I was used for the density

distribution and was assumed 1o ramain constant in time.

;eravure describes the data more

on. In addition, the con-

ble 1

/



<ial temperature distribution
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The estimated lower bour: Ior +th

. e ] N
employed for these models ris: s uuwbo ically from O C at the surface

s

to 1500°C at 500 km depth ané -<iuins constant at 15000 from 500 km
inward. This initial tempere’ . re incl leg core formetion energy and
any energy released by the de.zy -f 1o . -lived radioactives prior to
the beginning of the calculat «::. “he wge of the Farth, after formatiocn,
is taken as 4.5 billion years ~Ir ithe:. models.
The amount of radiocactiv. ™=zit pr.iuced in the outer layers of the
Earth is considerably underes- izzis( Ly the assumption of uniform dis-
tribution of radioactives. 7T:z zore 1: generally considered to be
depleted in radiocactives and ' ovenent »f all radiocactive materials
from the core into the mantle =ill incrocase the radiocactive heat out-
put within the mantle by almc * 507.
Table 2 lists some of th: pararetcrs chosen for the construction ble 2
of several representative mod:is. lacDonald [1959] nes presented an
extensive discussion of these paramcters and the values used here,

except for the heat of fusior, ars chosen after his model 14. An

ft

average value of 400 joules/g a3 used Ior the heat of fusion based

upon the data compiled by Birch, Schairer, and Spicer [1942].

(V]

Figure 2 shows the extern” of mcliting under these assumptions for ig.
the outer 1500 km of uniform crorndritic Earth for both Clark's minimum
melting curve and Uffen's curve. The standard nonmelting model is
included for comparison. For the model with Clark's melting curve,

the thickness of the molten lcjyer was 740 km after 4.5 billion years,

while the corresponding value with Uffen's curve was 320 kn.



Results of calculations -3~

given in Figure 3. With Cla: =z

emounted to 500 km but the m: i

with the Uffen curve where %1 .-

ing curve by only 100°. Sinc <k
production rates were deliber =l
cluded that for the Clark and °
place within an Earth initisl - -

tion of radioactive heat sou: ~:z.
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7 2eli To low values, it

[V

Tnt errestrial sbundances are

witioy; ecurve The molten zone

2 »eist was not reached for a model

r:uures falled to reach the melt-
 inlcial temperatures and heat

is con-

type curves, melting will take
2iTory with regard to the distribu-

The existence of large m 1tzn reziins within the transition zone

and upper mantle will require the
convection since fluid convecion

within the transition zone.

point gradient exceeds the ad: ata~

was found to hold for the mel+ing ¢

vection will occur within the mciz

The theocry of convection is not ¢

oI ti

permit explicit calculation

heat flux in the interior is _ow an

as a mechanism for heat transtors
tions. Hence the first appro-ize
of efficient convection, i.e., =

molten region all heat above that

melti:

the melting point. The

he heat-transfer process.

consicderation of heat transfer by

iz not inhibited by the inhomogeneities

ceffrev’s [1962] estimate that the melting

zredient by approximately 1°/km
urves considered here and hence con-
€Il Zone.

sufficiently well understood to
However,

& tae efficiency of fluid convection
ic exvremely high under most condi-
vion Is {0 assume the limiting case

&t convection carries through the

ermount required to slightly exceed

Terperature curve will be followed

e

W



closely since, if the tempers™ 'ze iror: Lelcow the melting voint, solid-
ification begins and convectic: :=l::c [Ivm, raising the texperature
again. If the temperature inc ci:i:is 2:3ve the meiting curve, convec-
tion increases and the temmer: .uiz i3 >owered.

This process of simulatec J1liid coavectlon was carried out by

modification of the previously cerzuib:d program. These modifications
fix the upper bound of temperziure, within a given radius interval, at
the melting point and move all excess ensrgy into the adjacent outer

radius interval while maintair’ng zonscervation of energy. This process

is described in the appendix. Nodels cmbodying melting and this sim-

ulated convection were calculated using the modified Clark melting

(5]

.

curve (Figure 1) for both chorndritic {Figure &) and terrestrial (Fig-
ure 5) models.

The regular nonmelting models are compared with models including
melting only and models employing Soth melting and simulated convection.
The temperature distributions for these models are given in Table 3.
The convecting models have a slightly smeller molten zone and one
which is displaced toward the surface. A steeper thermal gradient in
the outermost layers results in a larger loss of heat from the surface
than for the nonconvecting models and the temperature distributions
are significantly different.

For these models, a radius intervali of 20 km was employed with
corresponding time intervals of avout 8 million yeers. The numerical

solutions are stable to the usual checks for accuracy, such as




decreasing the time and rediu: Iintarvals. Experience has shown that

the over-zll thermel energy b- iz gaite seasitive to the use of

improper or inadequate approximations s1d & close check on this guan-

ere variations within

o

tity was maintained. For the uoadels reporited

the thermal energy balance wer:z Zzss Tian O.l%.

LIMITATIONS OF

U3 MODELS

It must be clearly recog. ..=i théel these models serve only to

demonstrate the effects of mel v and zannot be considered to be
realistic models of the Earth - ~hsy 321 to satisfy the experi-
mentally determined requiremxe: = of 2 ¢olid mantle at the present

time and the observed mean sw. ‘z.co heat flow of approximately

64 erg/m®sec [Lee and MacDonal .. 1353]. The heat flow from the sur-

face of the convective models .Iter 4.2 bhillion years totals
2 . oa 5 osy 2 .
25.4 erg/m sec for the chondri .ic znd 7.0 erg/m sec for the ter-

restrial cases. These low val &

(O]

2z 2 natural conseguence of the

12

fact that the radiocactives wer: aczured to remain uniformly distributed.
This is certeinly not the case within the Earth.

The known concentration ¢ radicactive materials within the crust
demands a highly efficient differentiation process if the Earth is
assumed to have had a uniform initial corposition. It is difficult
to visualize any sort of efficient diffcrentiation process as occur-
ring through solid material of such high densities and thus it would

seem that at least partial melting should be a requirement for opera-

tion of the differentiation process. As Figure 6 shows for a chondritic



- =

model and Figure T for a terz ot

L souel, these melting models can

indicate, for a given set of

melting and, hence, on the at . ve zsszuryiion, differentiation begins.
Thus, calculations for a diff:rentiatcd planet are possible. Pre-
liminary calculations have beon carri=d out for a differentiating Moon

and models of the Earth and other planets are currently under

construction.

P IIUU YAt
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Investigation into the problsn of meliing within the Earth
revealed a strong possibility that the melting temperatures within the
outer layers of the Earth have been exceeded at some time in the Earth's
history. Fluid convection shculd then have occurred and been an effi-
cient process of heat transfer. Ve have developed numerical techniques

for calculating the temperaturs distribution within a spherical body

which melts according to a siuple melting curve and which convects with
the limiting case of high efficiency. These techniques were applied to
the outer layers of the Earth and the results and limitations discussed.
The importance of these technigues as o tool for studying the problem

on of radiocactive materials within the Earth has been

indicated.



DISCUSSION O i

e Temperature distribution in

-~

Given the eguation descriiliig ©

b

a spherically symmetric body

o T _ LT,
P ot or or
standard technigues are used - 7 this eguation by a difference

equation [see Herriot, 1963].
Taking a rectangular latiizs I The rit plane in which the lattice
points are at rp = ro +m Ar 228 T, = Tp + n At , where mand n are

integers, and using the relati cnsz

T - T .
dr m ~ Ty T
ot ANt s
AL ek
K m+l T &g-l S
or 2 Ar el B

obtain the governing diffe:rence equation,

:$+l = Tﬁ + égz {.m(éi)z j%j1r:+1 Kﬁ-l + (m+ l)Kg] $i+1

e
o

mqwg[g/ KL, - - 1
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The boundary conditions to Te Ll e ore

Ho
[}
H,
W

E

o)

e At r et
i = g(-- U) r =M (3'5 sSurt
Jit

Tyl - 2 miad - om + = o= oo oy 11 ~
To 2 Trgtir “rot2 Lr 2 e r = ry {at inner surface)

In order to maeintain a stable su . uicn, 7= time. interval was fixed at

TFor a discussion of the converg. -ce of nhews flow solubions see Kunz [1957].
Figure 8 illustrates the method l.visas oo accounting for the heat of Fig. 8

ge states of material are defined

as
7l ; -~
Phese I; Hoes = Hsp normolten
- sl Nel il e o . .
Phase II; 0< hmres = Hy - 0T - L < Hgpy partially molten
sl

Phase III; =0 completely molten

TMres

usion and H is the total heat

where H is the residuval hent 1 .
st in
res
of fusion.

The modifications to figure ¢ 1o include the effects of similated

convection are indicated by the vx

oints where the following chan, .. oo t7 be inserted:

b 3 e ) e K A Ae :
1. Add Tm‘lcon to Tﬁ, where .. is calculated according to

2, 3, or 4 for the previous latt .:& coint



n m gie
2. T =
Heon -2
1P
n ¥
o) o e T T
&) Tp oo = .
TP

in Figure 8

3(b). Set T =T

4 ]
,é“ B
o
w

computed as indicated
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TAELE I. Apundances of Redlcactive deat Scurces (in 10 7 g/z
Radloscetive Chcndritic Mol
Nuclide (MacDonald, 1:59)
- ~ ~ - 7
SR 0.0C79 0.0162
282 ok &.3:4

TABLE 2. Parvemcstors Zor Tnernal Models

Heat cepacity, & 1.3 joules/g-deg

A
v

ttice conductivity, c 0.025 joule/cm-sec-deg
Heat of fusion, Hin L00 jowles/g

Index of refraction, n 1.7
Opacity, € 100 e

G o]
Surface temperature, T o)

t
13

(@]

Radioactive heat generation, E; Sh 2.97 joules/g-yr

L 13.0 joules/g-yr

T2 0.82 joule/g-yr

X 0.9% joule/g-yr

Ly 1070 gyt

Deczy constant, A

b)
9.71 x 10 ° yr7t




TABIE 3. Temperature Distribution : o illion Years Using = Modified
Clerk “{ine Curve
Uniform Chondritic Model - Jniform Terrestrisl Models
Terp. (°C)
Depth Temn. (°C) Temp. (°C) Temp. (°C) melting plus
(k) nonme;ting melting melting simulated
convection
0 o o) o 0 0 0
100 773 720 LT 502 562 657
200 k23 1329 1hiz 1118 1043 1237
300 1920 1793 1520 1531 1430 1520
400 2286 2136 €20 1847 1729 1620
500 2556 2393 1780 2085 1955 1780
600 2755 2586 1020 2261 2122 1980
700 2901 2730 2.5 2389 2235 2198
&00 3008 2839 2223 2580 2378 2355
gCo 3085 2929 2T LL 25l 2L77 2465
1000 3140 3011 2502 2587 2545 2539
1100 3179 3083 3L 2616 2591 2588
1200 3205 3139 3303 2635 2620 2619
1300 3204 3182 3155 262k 2639 2439
1400 3237 3216 3235 2654 2651 2651
1500 32h7 32L6 3z 2659 2659 2659




L

Figure 1.- Theoretical

Earth.

Figure 2.~ Temperature dis-
chondritic models.
Figure 3.- Temperature d&ist

terrestrial modelis.
Figure k.- Temperature
chondritic umodels.
Figure 5.- Temperature

terrestrial nmodels.

Figure 6.- Variation of tem

o

model using the modifie

Figure 7.- Variation of tenm
g ,

)

model using the modified

Figure 8.- Numerical techni

- Do a3
nE L I0r the oute
e
iorn ¢ » L.5 hiil

ZITeY

[ Re s
T .

T
D14

o3 i, - . g - -~ =]
serature with time Tor
[ G —~
Llard e lhing curve.

sereture with time for

Clexiz malting curve.
wue for calculation of

L10

r layers of the
ion years for uaniform

uniform

3

uniform

P
3

uniform

chondritic

terrestrial

& uniform

melting models.




W
O
o
o

&
(]

L
o
D
T
<
o
w
o
=
L)
-

! |

0 500 1000 1500
DEPTH FROM SURFACE, km




o
o

wl
(o
D
f—
<
0
b
0.
=
l
f—

NONMELTING

CLARK MELTING
g CURVE

" UFFEN MELTING CURVE

CINITIAL TEMPERATURE
DISTRIBUTION

~~-—~MOLTEN REGION

| AU N | , i

500 1000 1500
DEPTH FROM SURFACE, km

G batei L ALRUITEALITE 5 ATHy
AR KL RO CHET R MOFEeTL

wAE AL
Hibtie




O
o

L
-
-
—
<
-
L
Q.
p=
Ll
T....

NONMELTING

" CLARK MELTING
CURVE

INITIAL TEMPERATURE
DISTRIBUTION

~ ~——~MOLTEN REGION

i I | | ]

91010 161016, 1500
DEPTH FROM SURFACE, km




O
o
w
o
P
<
ac
Ll
o
=
i
[

NONMELTING.

"MODIFIED CLARK
MELTING CURVE

““MODIFIED CLARK
MELTING CURVE,
WITH CONVECTION

-~~~ MOLTEN REGION

L i 1 ;

500 1000 1500
DEPTH FROM SURFACE. km




o
o

ul
o
-
T
<
ol
ul
o
=
i
Ts

NONMELTING

\. Zoo_ﬂ_monrb,mx
v MELTING CURVE

\ Y
_soo_ﬂ_m_u CLARK MELTING
CURVE, WITH CONVECTION

.~ — MOLTEN REGION

. e %i-.x.Lii_iEu\r!\\L
50C ) 101010 1500

DEPTH FROM SURFACE, km

by




DEPTH FROM

SURFACE, km
———— MOLTEN REGION — 1500

—

1010]0)

N
o
o
o

O
(o]
"
o
P
<
e
L
o
P
Lt
o

R SOSEURUS S

3
TIME, 109yrs




DEPTH FROM

— ——— MOLTEN REGION SURFACE, km

N
o
o
O

O
o

n
o
P
<
e
L
a.
p=
w
Ts

- L
TIME, 1092yrs




SE - /\_w 43

| COMPUTE T J

. No _ - TEST
< T*P " PHASE ?

\\\

PHASE I OR HL

[
%Ml“t P

O FURTHER CALCUL DA_OZ




